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X-rayThe discovery of karrikins as the chemical constituents responsible for the germination stimulatory effects of
smoke has met with widespread interest from the botanical/scientiﬁc community. Although such beneﬁcial
properties of smoke in agriculture and environmental management have been known for several centuries, it
is only in the last decade that this signiﬁcant discovery has been made. The karrikins comprising KAR1–KAR6
have been shown to be potent promoters of germination in numerous model studies. KAR1, the most abundant
of the karrikins, has been revealed as the key germination cue present in smokewith activities as low as 100 ppt.
Given the vast economic potential of these molecules as well as their low natural abundance, several strategies
have beendevised towards the synthesis of karrikinswith the goal of elucidating structure–activity relationships.
However, the targets of these structures as well as theirmode of action are yet to be determined. To this end, we
herein detail the ﬁrst single crystal X-ray structure of KAR3 with the aim that it may provide further insights to
the molecular mechanism behind this group of compounds.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.The role of ﬁre in agriculture and environmental management has
been known for several centuries (Pausas and Keeley, 2009). Plants
predisposed to wildﬁres, as in parts of Australia, California, Chile,
the Mediterranean and South Africa, typiﬁed by hot and dry climates,
are able to negate the adverse effects of ﬁre or, conversely, exploit its
beneﬁts via several underlying mechanisms, including: (i) breakage
of seed dormancy; (ii) post-ﬁre ﬂowering; (iii) smoke induced seed
germination; (iv) resprouting; and (v) serotony (Bradshaw et al.,
2011; Keeley et al., 2011). Over the past two decades, the utility of
smoke or aqueous smoke extracts as a germination promoter of a
wide range of wild and cultivated plants, irrespective of ﬁre sensitivity,
has garnered widespread interest (Brown and Van Staden, 1997; Van
Staden et al., 2000; Nelson et al., 2012). Furthermore, the promotory
effects of these media have also been observed in other processes
such as ﬂowering (Keeley, 1993), rooting (Taylor and Van Staden,
1996) and somatic embryogenesis (Senaratna et al., 1999). These
discoveries evolved out of fundamental ﬁndings by Wicklow (1977),
Keeley et al. (1985) and De Lange and Boucher (1990). The ﬁrst two
of these involved studies of dormant seeds of the Californian post-ﬁre
annuals Emmenanthe penduliﬂora (Hydrophyllaceae) and Eriophyllumclear magnetic resonance; ppt,
by Elsevier B.V. All rights reservedconfertiﬂorum (Asteraceae) inwhich it was shown that burnt or charred
woody material as well as aqueous extracts of the charred material
were able to stimulate germination (Wicklow, 1977; Keeley et al.,
1985). Central to these ﬁndings was that cellulose and hemicellulose
were highly effective sources of the germination stimulant (Keeley
and Pizzorno, 1986). Thework of De Lange andBoucher (1990) is signif-
icant in that it revealed that smoke derived from burnt plant material
stimulated germination of the South African species Audouinia capitata
(Bruniaceae), indicating that the stimulatory molecule (or molecules)
was volatile in nature and could be accumulated by bubbling smoke
through water to produce “smoke–water” (SW). The identiﬁcation of
the butenolide 3-methyl-2H-furo[2,3-c]pyran-2-one (KAR1) as the key
germination stimulant present in plant-derived smoke is a milestone
accomplishment in seed biology (Flematti et al., 2004; Van Staden et
al., 2004). This discovery is even more remarkable considering that
over 4400 compounds are present in cigarette smoke alone (Polzin
et al., 2007). Thus, given the complexity of smoke-derived chemical
extracts, the elucidation of this germination cue was understandably
both elusive and arduous (Flematti et al., 2004; Van Staden et al.,
2004). In terms of activity, it was shown that KAR1 stimulated the
germination of three smoke-responsive species (Lactuca sativa, Conostylis
aculeata and Stylidium afﬁne) to a level similar to that achieved with
plant-derived SW (Flematti et al., 2004). Not surprisingly, KAR1 was
seen to be more potent than the SW mixture, which typically contains
the butenolide at a concentration of about 40 μg/L, so much so that
even at 100 ppt it produced 100% germination of Grand Rapids lettuce.
Fig. 1. X-ray crystal structure of KAR3.
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chromatographic separation of SW extracts revealed a further ﬁve
closely-related structures, all in possession of a butenolide moiety fused
to a pyran ring with varying degrees of methyl substitution, to also
exhibit potent germination activities, although to a lesser extent
than the major constituent KAR1 (Flematti et al., 2009). These
compounds, now collectively referred to as karrikins (KAR1–KAR6),
have stimulated interest to such an extent that they have been
mooted as a new class of plant growth regulators (Nelson et al.,
2012). Given the huge potential of karrikins in agriculture, horticul-
ture and land management as well as their low natural availability,
these molecules have also attracted signiﬁcant interest in the
synthetic arena (Flematti et al., 2004, 2005, 2007, 2009). These
endeavors utilized with success a combination of physical and spec-
troscopic methods, including melting points, IR, UV, mass, 1D and 2D
NMR as well as X-ray analysis to verify the identity of the synthetic
products against the natural isolated compounds (Flematti et al.,
2004, 2005, 2007, 2009). In continuation of these efforts, we here
report the ﬁrst single crystal X-ray structure of KAR3 (Fig. 1)
which was prepared in good yield according to the methods of
Flematti et al. (2004, 2005, 2007, 2009) and initially identiﬁed and
characterized via the methods listed above. To our delight we
then found that crystalline material suitable for crystallographic
analysis could be accessed via slow diffusion of hexane vapors
into a concentrated chloroform solution of KAR3. In our hands, the
compound promoted germination of Grand Rapids lettuce (Lactuca
sativa) up to the 100%mark at a concentration of 1 ng/L as previously
described by Flematti et al. (2007). The crystal structure as shown in
Fig. 1 was acquired on a Bruker SMART APEX2 DUO area detector
diffractometer at 100 K with an exposure time of 20 min (Akerman
and Munro, 2013). Structures were solved and reﬁned with OLEX2
software using the monoclinic crystal system and a space group
of P21/c (Dolomanov et al., 2009). The CCDC ﬁle 943143 containing
the supplementary crystallographic data for KAR3 has been de-
posited with the Cambridge Crystallographic Data Centre. Although
tentative suggestions have been made concerning the site and
mode of action of karrikins (Nelson et al., 2012), the molecular
basis to the operative mechanism still remains elusive. As such, a
3D perspective of karrikins as here shown via X-ray crystallographic
analysis of KAR3 could prove signiﬁcant in guiding probes aimed at
these targets.Acknowledgments
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